Background: Blood coagulation levels are associated with risk of venous thrombosis
| INTRODUCTION
Venous thrombosis (VT) is a common disease, affecting 1-4 in 1000 people annually. 1, 2 Over the past two decades, it has become apparent that VT is associated with increased levels of procoagulant coagulation factor levels. [3] [4] [5] [6] [7] [8] Of these procoagulant factors, factor VIII (FVIII), a cofactor in the conversion of factor X (FX) to activated FX, is associated with the strongest increased risk for VT. 8 Another wellknown risk factor for VT is the Leiden variant of factor V (FV), which is less sensitive to inhibition by activated protein C (APC) due to the Arg506Gln mutation. 9 However, there have been conflicting reports on the association between VT and FV levels. Factor V is a cofactor in the FX-dependent conversion of prothrombin to thrombin, the latter being the key regulatory enzyme of coagulation. Full FV deficiency is incompatible with life, while individuals with low plasma FV levels or residual FV activity in platelets only suffer from mild to moderately severe bleeding episodes. 10, 11 In addition to its procoagulant function, FV has also been reported to function as an anticoagulant by enhancing the APC-mediated inactivation of FVIII. 12, 13 This dual role complicates predictions on the role of FV in VT occurrence.
Where one study reported an association of low FV levels and VT, 14 we previously demonstrated an association with high FV levels. 15 Neither study looked into both high and low FV levels.
Here, we aimed to elucidate the association of FV levels with VT by using data from the Multiple Environmental and Genetic Assessment of risk factors for VT (MEGA) case-control study, considering both high and low FV levels. The large size of this study provides the opportunity to obtain precise estimates and study multiple subgroups. Since FVIII levels were previously found to have a strong association with VT and considering that the association between high levels of other coagulation factors was mainly dependent on FVIII, (Rietveld et al. 2018) we further studied the association between FV and FVIII. Furthermore, we explored the causal relations in more detail by adjustment for FV Leiden, for liver disease, as low FV levels are a marker for liver failure, 16 and for tissue factor pathway inhibitor (TFPI), which can bind FV 17, 18 and is associated with VT risk.
19,20

| METHODS
The MEGA-study is a large, population-based case-control study into risk factors for VT. In brief, consecutive patients with a first objectively confirmed episode of deep venous thrombosis or pulmonary embolism were included. 21 Blood samples were provided by 2377 patients and 2939 controls (1480 partners of patients and 1459 subjects from the general population reached by random-digit dialling [RDD] controls). In patients the blood was drawn approximately three months after discontinuation of oral anticoagulant therapy; in patients who were still on anticoagulant therapy one year after the event, blood was drawn during anticoagulant therapy.
All assays were performed by laboratory technicians who were unaware of the case-control status of the samples. The FV levels were determined employing an in-house developed sandwich enzyme-linked immunosorbent assay (ELISA) using two monoclonal antibodies recognizing the light chain (V-6) or the heavy chain (V-39) of FV. 22 Therefore, this assay was specific for single chain FV, including FV-short. FVIII levels were determined using a commercially available ELISA. Total TFPI activity in plasma was measured using the Actichrome TFPI activity assay (Sekisui Diagnostics, Stamford, CT).
Odds ratios (ORs) and their 95% confidence intervals (95% CIs)
were calculated as an estimate of the relative risk of VT for factor V levels and adjusted for age and sex using logistic regression. Linear regression of FV and FVIII levels was performed to study the association between these two factors. 23 We attempted to replicate the findings of the MEGA study in a smaller case-control study: the LETS (Leiden Thrombophilia Study).
In brief, 474 cases and 474 controls with a first deep venous thrombosis provided a blood sample. Individuals suffering from cancer were excluded and blood samples were obtained after at least three months' withdrawal of anticoagulant therapy. FV levels were determined with an in-house developed sandwich ELISA employing monoclonal antibodies recognizing the FV light chain (V-6 and V-9). 15 Factor VIII levels were determined with a one-stage clotting assay using factor FVIII-deficient plasma. 8 The ORs and 95% CIs for the association between FV and VT were calculated and adjusted for age, sex, FVIII, and liver disease. To ensure robust group sizes the cut-off points in factor levels were set at the 2.5th, 5th 10th, 25th, 50th, 75th, 90th and 95th percentiles of antigen levels in the control population and entered into the model as categorical data.
The MEGA study and the LETS were approved by the Ethics
Committee of the Leiden University Medical Center, and written Table 1 shows the characteristics of the study population. The median FV level was 94 U/dL in patients and 92 U/dL in controls.
| RESULTS
There was no difference in the median levels of the partner and RDD controls (92 U/dL vs. 91 U/dL). The risk estimates distribution of FV levels followed a U-shaped curve ( Figure 1 ), with elevated risks for both high (>95th percentile; >122 U/dL; OR 1.86; 95% CI 1.46-2.37) and low (<1st percentile; <57 U/dL; OR 1.46; 95% CI 0.87-2.43) levels of FV (Table 2) . Adjustment for liver disease had no effect on the risk estimates. In accordance with previous research, 8 (Figure 1 ). The adjustment of FV levels for total TFPI had no effect on the risk estimates (Table 2) , ruling out a role for total TFPI.
Since FV Leiden is a common and strong risk factor for VT, we determined the levels of FV in controls with a normal genotype and for individuals homo-or heterozygous for this mutation. FV levels were lowest in noncarriers of FV Leiden, slightly higher in individuals heterozygous for FV Leiden (mean difference of 6.2 U/dL), and highest for homozygous FV Leiden carriers (mean difference of 12.2 U/dL, Table 3 ). Therefore, we adjusted the FV levels for FV Leiden to control for possible confounding by FV Leiden. This had limited effect on the risk estimates (Table 2) . Furthermore, we observed that TA B L E 1 Clinical characteristics of the MEGA study F I G U R E 1 Overview of the ORs and 95% CIs adjusted for age and sex (black) and adjusted for age, sex, and FVIII (grey) of the association between FV levels and VT in the MEGA study the two SNPs rs6033 proxy by rs1800595 and rs9332701 were associated with FV levels (Table 3) , corroborating previous findings. 23 The rs1800595-CC and rs9332701-CC genotypes were associated with the lowest levels of FV (75 and 79 U/dL, respectively), with increasing levels for the CT genotype (mean difference of 8.3 U/dL for rs1800595-CT and 7.7 U/dL for rs9332701-CT) and the highest levels for the TT genotype (mean difference of 18.0 U/dL for rs1800595-TT and 13.6 U/dL for rs9332701-TT).
In an analysis including only patients from the MEGA study with unprovoked VT, the risk estimate for high levels of FV did not change (>95th percentile; OR 1.78; 95% CI 1.24-2.57, Table 5 ).
| DISCUSSION
While of most procoagulant factors only high levels are associated with an increased risk of VT, FV has both a procoagulant and an anticoagulant function and, therefore, a less predictable role in VT risk. Due to the large size of the current study population, it was possible to examine both the high and low extremes of the FV levels (>95th percentile and ≤1st percentile, respectively). We observed an association between high FV levels and VT (>95th percentile; >1.22 U/dL; OR 1.86; 95% CI 1.46-2.37, Table 2 ).
Adjustment for liver disease did not affect the ORs and neither did FV Leiden, although levels of FV itself were slightly affected by the FV Leiden genotype, which was in accordance with a previous study. 15 In contrast, adjustment for FVIII levels reduced the risk estimates to unity for high levels of FV. Similar results were found in the LETS study (Table 5 ). This suggests that the association between high levels of FV and VT is not a causative relation but may be linked to concurrently high levels of FVIII.
Interestingly, low levels of FV were also found to associate with an increased risk for VT (<1st percentile; ≤57 U/dL; OR 1.46; 95% CI 0.87-2.43, Table 2 ). Adjustment for FVIII levels, which led to the TA B L E 3 Factor V levels specified for genetic factors associated with factor V levels in the MEGA study . 17 A mutation of FV that increases the levels of FV-short, results in a bleeding phenotype by increasing the levels of TFPIα. On the other hand, another study reported low TFPI levels in FV deficient individuals. 18 These mechanisms might decrease the effectiveness of the anticoagulant pathway, which may lead to a potentially increased risk for VT. Here, we did not observe an effect when adjusting for total TFPI activity levels. However, different findings may be observed when specifically assessing the FV-short or TFPIα levels. An even stronger association between low FV levels and VT was found when the analysis was focused on unprovoked VT (<1st percentile; OR 2.64; 95% CI 1.23-5.64, Table 4 ). This suggests that low FV levels play a role in the risk for VT in individuals without a clinical risk factor for VT, and that the link is obscured in patients in whom a provoked risk factor was present. In the 474 cases and 474 controls from the LETS this result could not conclusively be confirmed, due to the lower number of participants, but the overall risk distribution appeared to be the same, with the exception of the lowest FV group (<2.5th percentile). Furthermore, different assays were used to determine FV levels: single chain FV was detected in the MEGA study, while FV light chain was measured in the LETS, which represents not only single chain FV, but also light chain fragments resulting from incomplete synthesis or proteolytic degradation such as by activated protein C. 15 The latter might explain the higher levels of FV observed in the LETS relative to those from the MEGA study.
Moreover, this putative overestimation of FV plasma levels may also obscure the risk association, particularly in strata with low FV levels.
Consistent with our findings obtained from the MEGA study, Suehisa et al. previously reported an association between low levels of FV and VT in unprovoked VT patients in the Japanese population. 14 The current study has several limitations. Since blood was sampled after the occurrence of VT, effects of the thrombotic event on the levels of the coagulation factors cannot be ruled out.
Furthermore, the assay used in the MEGA study had an upper detection limit of 125 U/dL, which precluded analysis of the risk associated with FV levels >125 U/dL. However, as all values above this level were considered together in one category, this should not have affected our results. Likewise, the assay did not take platelet FV into account. The importance of platelet FV is underscored by a study of Duckers et al., 11 in which patients with undetectable plasma FV and mild bleeding symptoms demonstrated improved coagulation in a thrombin generation assay in platelet-rich plasma. Since we used plasma without platelets, we cannot rule out an additive or reductive effect of platelet FV.
In conclusion, we found high FV levels to be associated with an increased risk for VT, which was explained by concurrently raised FVIII levels. Low levels of FV were also associated with VT, which was most pronounced in individuals with unprovoked VT. This association was not explained by FVIII or any of the other mechanisms we explored.
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TA B L E 5 Risk of venous thrombosis for strata of clotting factor levels in the LETS
Patients n, (%) 474
Controls n, (%) 474
Adjusted
